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TECHNICAL NOTE
Osmotic activity of dimethyl sulfoxide in the renal distal tubule
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Dimethyl Sulfoxide (DMSO) is a dipolar organic solvent that
has received widespread publicity as a possible topical analge-
sic [II and has also been used with increasing frequency as a
solvent to dissolve hydrophobic drugs prior to their use in
biological systems [2, 31. Because it penetrates biological mem-
branes rapidly, some investigators have stated that DMSO is
not osmotically active in the kidney [2, 41. However, we are not
aware of any systematic investigation of the effects of DMSO
on water transport by kidney tubules. Recently, in beginning a
study of the effects of a rather insoluble diuretic on electrolyte
transport in the renal distal tubule, we used DMSO to dissolve
the drug in aqueous perfusion solutions. In these experiments,
we observed changes in net volume fluxes that depended on the
concentration of DMSO in the perfusion solutions. Because it
would be important to know whether DMSO can exert osmotic
effects when it is used as a vehicle in experimental studies, and
because of the continued use of intravenous DMSO in a variety
of clinical settings, the present experiments were conducted to
determine whether DMSO is osmotically active and whether it
affects volume fluxes in the distal tubule of the rat.
Methods. Experiments were performed on 200 to 340 g
Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis,
Indiana) that were allowed free access to commercial rat chow
(Ralston Purina, St. Louis, Missouri) and tap water up to the
time of the experiment. The rats were anesthetized by intra-
peritoneal injection of 100 to 110 mg/kg body weight
thiobutabarbital (mactin, Byk-Gulden, Konstanz, Federal
Repubic of Germany). A salt solution (140 mrvi NaCI, 4 mM
KCI) was infused at 10 mi/hr/kg of body wt. The left kidney was
exposed through a flank incision and was prepared for
micropuncture as described previously [5].
When two distal segments belonging to one nephron were
found at the kidney surface, a pipette filled with an artificial
solution and connected to a microperfusion pump was placed in
the upstream segment. The last surface proximal segment was
blocked with castor oil and a complete timed collection of fluid
from the downstream segment of the distal tubule was accom-
plished using a pipette filled with stained (Sudan Black) mineral
oil as described previously [5, 61. It was frequently possible
subsequently to insert a second collection pipette at the same
collection site and, after removing the first perfusion pipette, to
insert a pipette filled with a different perfusion solution. Two
collections were obtained from the same nephron segment in
this manner in 48 cases.
Latex casts were made of 14 nephrons. The mean length of
the perfused segments was 1.3 0.05 mm and the mean length
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of the entire distal tubule, from the macula densa region to the
first junction with another tubule, was 2.3 0.15 mm. These
values are very similar to those reported previously from this
laboratory [5, 6].
All solutions used for perfusion of distal tubules contained, in
mM: 74 Na, 70 Cl, 2 K, 0.5 Ca, and I g/liter Hercules green dye
#2. Each was buffered to pH 6.5 with 5 mrt piperazine-N,N'-
bis[2-ethane sulfonic acid] (PIPES, Sigma Chemical Company,
St. Louis, Missouri). Solution I resembled fluid normally reach-
ing the early distal tubule and contained in addition 4 mM urea
(osmolality: 183 mOsm/kg H20). Solutions II and III were made
by adding 135 or 223 mtvi DMSO (Sigma Chemical Company) to
Solution I to yield final osmolalities of 318 (SoIn II) and 405
(Soin III) mOsm/kg H20. These concentrations of DMSO were
chosen to approximate the range of DMSO concentrations
frequently obtained when DMSO is used as a solvent in
physiological studies. Solutions IV and V were prepared by
adding 275 or 170 m urea to yield final osmolalities of 406
(Soln IV) and 306 (SoIn V) mOsm/kg H20. Solution VI con-
tained 117 msi raffinose and its final osmolality was 300
mOsm/kg H20. Solutions VII to XI all contained 135 mM
DMSO and sufficient urea to yield final osmolalities of 306, 310.
320, 372, and 440. All solutions in addition contained ap-
proximately 5.0 pCi/mI '4C-inulin (New England Nuclear
Corp., Boston, Massachusetts).
The volume of each sample obtained from perfused tubules
was measured in a constant bore tube and the radioactivity in
perfused and collected fluids was determined. The perfusion
rate (V0) in each tubule was calculated as V0 = VL
([Inulin]L/[Inulin]O) where VL is the rate of fluid collection at
tubule length L, and [Inulin]L/[Inulin]O is the ratio of ra-
dioactivities in collected and perfused fluids. The in vivo
perfusion rates calculated in this way were slightly lower than
those measured in vitro by pumping fluid directly into a
counting vial (mean difference: <1 nI/mm). We attribute this
difference to retrograde flow of perfusion fluid into the thick
ascending limb [5, 6]. The calculated V0. rather than the pump
rate, is the value needed for flux calculations. Sodium and
potassium were measured in perfused and collected fluids by
flameless atomic absorption spectrometry (model 95 1/655, In-
strumentation Laboratory, Andover, Massachusetts) as previ-
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ously described [5j. Chloride was measured by electrometric
titration (model F25. WP-lnstruments. New Haven, Connecti-
cut). Ion fluxes (J,) were calculated as J, = V0[fl0 — VL[flI
where [iJ0 is the ion concentration in the perfusate and IL is the
ion concentration in collected fluids.
Concentrations of DMSO in bulk solutions were estimated
from measured osmolalities. A linear relationship between the
concentration of DMSO in aqueous solutions and measured
osmolality has been reported [71. To confirm this relationship,
increments of DMSO were added to distilled water and the
osmolality was measured by vapor pressure depression (model
5100 C, Wescor, Logan, Utah). The results, shown in Figure 1,
confirm the nearly ideal behavior of this solute in water and
indicate that measured osmolality accurately reflects the con-
centration of DMSO.
The partition coefficient has been shown to be related to the
osmotic activity of a solute in biological systems [8—101. We are
not aware of published values for the partition coefficient of
DMSO. We therefore measured its partition coefficient across
chloroform:water and oil:water interfaces. DMSO was added to
a known volume of deionized water and the osmolality was
determined. An equal volume of chloroform (VWR Scientific
Incorporated) or mineral oil (USP) was added and the resultant
mixture shaken vigorously for 10 mm. As a control, chloroform
and water, and oil and water were mixed. The phases were
allowed to separate, the concentration of DMSO in the aqueous
phases was again measured, and the distribution of DMSO
between chloroform or oil and water was calculated. The
measured partition coefficient for DMSO in the chloroform:
water system was 0.040, and that in the oil:water system was
0.005.
Data obtained when two different solutions were perfused in
the same tubule were analyzed using a paired t test. Multiple
group means were compared by one-way analysis of variance
(ANOVA). Least squares linear regression analysis was em-
ployed to characterize relations between measured osmolality
and volume flux. A nonpaired t statistic was used to compare
means of unpaired samples and slopes of regression lines.
Results. Seventy-two distal tubules were perfused in 28 rats.
The effects of DMSO on net transepithelial volume flux were
evaluated in two series of paired experiments. In the first series,
net volume flux during perfusion with Solution I, the control
solution, was compared with volume movement when the same
tubules were perfused with Solution II which contained 135 mtsi
DMSO (approximately 1%). Although the perfusion rates were
not different (control 14.7 0.42, DMSO 14.2 0.49 nI/mm, P
= 0.51), net volume absorption was significantly reduced from
3.6 0.43 to 0.6 0.14 nI/mm (P < 0.001) when DMSO was
added to the perfusate (Fig. 2). Since DMSO did affect net
volume flux, a second series of paired experiments was per-
formed in which the effects of DMSO on net volume flux were
compared with the effects of a similar concentration of urea.
The control solution was modified by adding sufficient DMSO
(Solution III) or urea (Solution IV) to achieve nearly equivalent
final measured osmolalities of 405 and 406 mOsm/kg H20. As
shown in Figure 3, both perfusion solutions caused net volume
secretion, however, net volume secretion was significantly
greater when tubules were perfused with the urea containing
solution, than with the solution containing DMSO (P = 0.034).
The effects of a substance assumed to have a reflection
coefficient of one were then examined by perfusing with Solu-
tion VI which contained 117 mM raffinose. Net volume flux was
not different from zero when raffinose was added to the perfus-
ate (Table I). The results of all perfusions with Solutions Ito VI
are summarized in Table I. The average rate of distal perfusion
with all solutions was 14.4 0.31 nI/mm and did not vary
significantly among the groups (F S 0.3014, P > 0.1). The
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Fig. 1. Measured osmola/ity (Vapor pressure depression) versu,, DM50
concentration. Each square depicts one measured value. The line is the
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Fig. 2. Net volume flu-c (Jr, nl/mi,i) observed during pertitsion nit/i
So/u/ion I (Control, Osm /83) and Solution II (DM50. Osm 3/8). Lines
connect paired measurements in the same tubule and filled circles
depict means SEM. P < 0.001 by paired r test.
DMSO in the renal distal tubule 473
0
—1
-2
-3F-
—4
Fig. 3. Net volume flux (Jr) observed during perfusion with solutions of
similar osmolalitjes in which either urea (Solution IV, Os;nolality 406)
or DMSO (Solution III, Osmolality 405) was the added solute. Lines
connect paired measurements in the same tubule and filled circles
indicate means SEM. P = 0.034 by paired t test.
presence of additional DMSO, urea or raffinose in the perfusate
clearly affected the mean rates of collection (F = 5.59, P <
0.01), however, and therefore net fluid fluxes depended on the
added solute (F = 55.04, P <0.01). The individual volume flux
data are plotted versus measured osmolality in Figure 4. Least
squares regression lines fit to these data describe the effects of
the incremental addition of DMSO, urea and raffinose. The
slopes of the three lines are not significantly different from each
other (P > 0.1), but each differs significantly from zero (P <
0.005). Thus, the presence of DMSO, urea and raffinose each
significantly affected fluid fluxes along the distal nephron.
Two additional series of experiments were performed. In the
first series, the effects of urea on net volume flux in the presence
(Solutions VII to XI) and the absence (Solutions IV and V) of
DMSO were compared. The results, depicted in Figure 5, show
that urea significantly reduced volume flux both in the presence
and in the absence of added DMSO. The slopes of the regres-
sion lines relating changes in J, to changes in the concentration
of urea are not significantly different when DMSO is present
and when it is absent (P = 0.12).
In the second series of experiments, the effects of DMSO on
net sodium, chloride and potassium transport were evaluated
by comparing net ion fluxes during perfusion with Solutions V
(Urea) and VII (DMSO). The results are summarized in Table 2
and indicate that 135 mM DMSO did not significantly alter the
net transport rates or mean luminal concentrations of sodium,
potassium or chloride.
Discussion. These experiments were undertaken to deter-
mine whether DMSO is an osmotically effective solute in the
distal nephron of the rat. Single distal tubules were perfused in
vivo with an artificial solution resembling fluid normally deliv-
ered to this segment or with similar solutions to which incre-
ments of DMSO, urea or raffinose had been added. The results
indicate that DMSO does affect transepithelial fluid flux, and
that the relation between added DMSO and change in volume
flux is approximately linear. Similar results were obtained when
urea or raffinose, two substances known to be osmotically
active in this nephron segment, were added to the perfusate.
Although the slopes of the relations between change in volume
flux and change in total osmolality were similar whether
DMSO, raffinose or urea was added to the perfusate, a series of
paired perfusions (Fig. 3) showed that DMSO was slightly less
effective than urea in altering volume fluxes.
Dimethyl sulfoxide is a dipolar molecule (MW 78.13) that is
soluble in both organic and aqueous media. This property
makes it useful as an agent to facilitate dissolving hydrophobic
drugs in aqueous biological fluids [3, 11]. Since DMSO perme-
ates biological membranes, some investigators have stated that
it would not be expected to exert osmotic activity across
epithelia [2, 4]. Others, however, have recognized that DMSO
can be osmotically active [8, 12, 131. Wright and Diamond
reported a reflection coefficient for DMSO of 0.65 at 37°C in
solutions bathing the rabbit gallbladder [81. More recently, de
Bruijne and colleagues [121, in a series of experiments examin-
ing the effects of DMSO on glucose transport, showed that
transepithelial volume flux across the perfused rat intestine was
altered by the addition of DMSO.
Lipid solubility and molecular weight are two major determi-
nants of osmotic activity [8—10, 14]. In an extensive study of 209
nonelectrolytes, Wright and Diamond found a sigmoid relation
between the reflection coefficients determined with rabbit gall-
bladders and either the ether:water or oil:water partition co-
efficient of the solute [8]. Oelert, Bauman, and Gekie [15] and
Sonnenberg, Oelert and Bauman [161 found that both proximal
and distal tubule permeability to some organic acids was
directly proportional to their chloroform:water partition co-
efficient. Based on our determination of the oil:water DMSO
partition coefficient of 0.005, and employing the relationship
between k011 and reflection coefficient given by Wright and
Diamond, we calculate an expected reflection coefficient of
DMSO between 0.75 and 0.90. It is not surprising, therefore,
that DMSO behaves as an osmotically active solute in epithelia
such as gallbladder [81, intestine [12], and now the renal distal
tubule of the rat.
Because osmotic water flux is not determined solely by solute
concentration differences, however, several alternatives should
be considered before concluding that DMSO is actually osmoti-
cally active. Aside from acting as an osmotic agent, DMSO
might influence Jv by affecting the transepithelial hydraulic
pressure difference, by altering the hydraulic conductivity of
the tubule, or by altering the concentrations or reflection
coefficients of other solutes present in this nephron segment. To
conclude that the effects of DMSO were, in fact, caused by its
acting as an osmotic agent, it must be established that these
—
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Table I. Summary of distal perfusionsa
Solution Osmolality N V0 YL 'V
I Control 183 11 14.7 0.42 11.1 0.61 3.6 0.43
II DMSO 318 11 14.2 0.49 13.6 0.53 0.6 0.14
III DMSO 405 8 13.8 0.47 15.6 0.74 —1.8 0.37
IV Urea 406 8 14.3 0.31 17.1 0.41 —2.9 0.18
V Urea 306 12 14.4 0.50 14.3 0.59 0.1 0.28
VI Raffinose 300 16 14.6 1.15 14.7 1.05 0.0 0.21
a Values are means SEM. Osmolality is in mOsmlkg H20. VL is the measured rate of fluid collection, V0 is the calculated perfusion rate and
iv is the volume flux per tubule in nl/min, calculated as V0 — VL.
Osmolality, mOsm/kg H20
Fig. 4. Net volume flux (Jr) versus measured total osmolality during
perfusion with Solutions 1—VI. Squares indicate values for control
solution, + for DMSO solutions, diamonds for the raffinose solution,
and triangles for the urea solutions. The solid line is the least squares
line calculated based on the control and urea data (y = —0.029 x
+ 8.932, r2 = 0.78). The dashed line is calculated based on the control
data and the DMSO points (y = —0.024 x + 8.107, r2 = 0.82). Not
shown on this graph for clarity is the regression line for the control and
raffinose data (y = —0.031 x + 9.302, r2 = 0.73).
other determinants of volume movement were not affected by
the presence of DMSO.
We do not believe that changes in luminal hydraulic pressure
can be responsible for the DMSO changes in fluid transport.
Tubule fluid flow rate is an important determinant of luminal
fluid pressure [5] and perfusion rate did not vary among the
solutions tested (Table 1). Flow at the collection site did vary,
however, Addition of DMSO to perfusion fluid converted fluid
absorption to fluid secretion and increased VL. These effects
would tend to increase luminal fluid pressure. An increase in
Juminal hydraulic pressure would by itself tend to increase fluid
absorption, not decrease it,
A second series of experiments was carried out to investigate
whether DMSO changed hydraulic conductivity (Lv), measured
as the change in volume flux per given change in transepithelial
pressure difference [14]. The data, summarized in Figure 5,
show the effects of urea on volume flux when urea was added to
the control perfusate and when urea was added to perfusate
containing 135 mM DMSO. Were L affected by DMSO, we
would have expected to find a difference between the two lines.
There is no indication that L is altered by DMSO because the
slopes of the least squares regression lines are not statistically
different. In fact, if there is a small difference between the
slopes, the direction of the (nonsignificant) difference suggests
that L may be reduced by DMSO. Although we cannot rule out
the possibility that DMSO reduces hydraulic conductivity, the
reversal of the direction of net fluid transport that we observed
when DMSO was added to the perfusate cannot have been
caused by a reduction in L.
The final determinants of volume flux that may have been
affected independently by the addition of DMSO are the
transepithelial concentration gradients and reflection coeffi-
cients of other solutes. Sodium, potassium and chloride are the
major ionic constituents of distal tubule fluid. No systemic
perturbations were made and we assume that the plasma and
extracellular fluid solute concentrations remained constant. Net
transport rates and luminal concentrations of sodium, potas-
sium and chloride were also not affected by replacement of urea
with DMSO in perfusion solutions (Table 2).
By measuring J in the presence of different concentrations
of raffinose, a solute with a reflection coefficient of I, it is
possible to calculate L if volume fluxes are small, if the
transport of other solutes is not affected by raffinose, and if the
peritubular concentration of raffinose remains negligible [14].
When calculated based on the raffinose data, L is 3.0 >< 108
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Fig. 5. Net volume flux (J) versus measured total osmolality during
perfusion with solutions containing a fixed amount of DMSO to which
variable amounts of urea were added (solutions VII-XI, indicated by +)
and urea solutions without added DMSO (Solutions IV and V, indicated
by triangles). The solid line is the least squares line for the control and
urea data from Fig. 4, and the dashed line is a least squares line
calculated based on the data with solutions VII—XI (y = —0.023 x
+ 7.347, r2 = 0.61).
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Table 2. Effects of DMSO on sodium, potassium, and chloride
transporta
Solution V. Urea VIII. DMSO
Osmolality 306 310N 12 11
V0 14.8 0.51 14.3 0.32
YL 14.9 0.38 14.0 0.37
Jv —0.1 0.40 02 0.21
[Na]0 74.0 0.80 73.4 0.47
[NaIL 55.8 2.04 55.9 2.86
JNa 254.4 55.6 254.1 42.20
[K]0 2.2 0.09 2.1 0.07
[KIL 8.8 1.21 7.5 1.08
JK —97.6 16.7 —72.3 12.77
[Cl]0 70.1 0.61 72.1 009b
[Cl]L 56.4 1.46 57.5 2.44
Jci 194.4 41.3 215.1 31.68
a Values are means SEM. Volume flows (V0 and VL) and net
transepithelial volume flux (J) are given in ni/mm as in Table 1. [i]0 is
the ion concentration in m in perfused fluid and []L is the ion
concentration in collected fluid. Ion fluxes (J,) are in pmoles/min per
tubule.
b P < 0.05.
cm3cm —2 sec1 cm H2O (1.24 x i04 ni min1 mm' mm
Hg ) This value is within the range previously reported for
this nephron segment using various techniques (2.1—6.1 x 10-8
cm3 cm2 sec'cm H2O) [14, 17]. From our value for L
filtration permeability (Pf) can be calculated to be 439 .tm/sec.
Again assuming that raffinose has a reflection coefficient of I,
by comparing the effects of raffinose with those of DMSO it is
possible to derive an apparent reflection coefficient for DMSO
(°DMSO). Because we have shown DMSO to be somewhat less
effective than urea in affecting transepithelial water flux, and
because DMSO is known to cross membranes rapidly [1, 18], it
is likely that some DMSO diffused out of the tubule. To the
extent that any loss of luminal DMSO occurred, °DMSO will be
reduced spuriously. Accepting this limitation and acknowledg-
ing the other assumptions made above, we calculate the appar-
ent DMSO reflection coefficient for DMSO in the renal distal
tubule to be 0.77.
In summary, the present results show that DMSO alters net
volume transport by the distal tubule of the rat in a manner that
depends on the DMSO concentration in the tubule lumen. In
this nephron segment, DMSO is nearly as potent an osmotic
agent as urea and can be expected to influence the results of
transport experiments when present in concentrations as low as
40 mrsi (0.3%). Although DMSO penetrates biological mem-
branes readily, it is also hydrophilic, a property which may
explain its osmotic efficacy in the present experiments. The
dieuresis that has been reported to occur during the administra-
tion of DMSO to humans and experimental animals [19, 20]
may, therefore, be caused by the osmotic activity of this solute
since we observed no direct effects of DMSO on electrolyte
transport. Similarly, the reported efficacy of intravenous
DMSO in cerebral edema [13] may also depend on its osmotic
effectiveness. Perhaps most important is the clear indication
that the potent osmotic activity of DMSO across a variety of
epithelia can influence the results of transport experiments and
must not be ignored when this solvent is employed in studies of
epithelial function.
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